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Propagation of light through dielectrics lies at the heart of optics. However, this ubiquitous
process is commonly described using phenomenological dielectric function ε and magnetic perme-
ability µ, i.e. without addressing the quantum graininess of the dielectric matter. Here, we present
a theoretical study where we consider a one-dimensional ensemble of atoms in a subwavelength
waveguide (nanoguide) as fundamental building blocks of a model dielectric. By exploring the roles
of atom-waveguide coupling efficiency, density, disorder and dephasing, we establish connections
among various features of polaritonic light-matter states such as localization, super and subradi-
ance, and strong coupling. In particular, we show that coherent multiple scattering of light among
atoms that are coupled via a single propagating mode can gives rise to Rabi splitting. These re-
sults provide important insight into the underlying physics of strong coupling reported by recent
room-temperature experiments with microcavities and surface plasmons.
I. INTRODUCTION
Although nineteenth century physics had difficulties
with the concept of wave propagation without a support-
ing medium, light propagation in vacuum is well accepted
in modern physics. On the contrary, a quantum mechan-
ical first-principle description of light traveling through
a material medium turns out to be subtle. Indeed, the
derivations of dielectric function and magnetic perme-
ability found in textbooks rely on effective fields and do
not consider the quantum optical role of each constituent
atom of the medium [1, 2].
Experimental advances of the past two decades make it
possible to explore dielectric media that are highly doped
with molecules, quantum dots, color centers, or ions [3],
while registering the position and transition frequencies
of the individual emitters with nanometer spatial and
MHz spectral resolution. Also, cold atoms can be pre-
pared at relatively high densities. It is, thus, timely to
revisit the problem of light propagation in dense media.
In this Letter, we examine theoretically the interaction of
a propagating light field and a collection of atoms. In par-
ticular, we consider a subwavelength waveguide (nanogu-
ide), where each atom can reach a substantial coupling
to the incoming field.
Recently, we pointed out that one could achieve an effi-
cient coupling of a single emitter to a propagating photon
via tight focusing and good mode matching [4–6]. How-
ever, coupling a light beam with a three-dimensional en-
semble of emitters extended over regions beyond a wave-
length remains a challenge. A tightly focused beam cou-
ples well only to a small number of atoms in the focus
region, whereas an extended beam such as a plane wave
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Figure 1. Scheme of a disordered many-body system inside
a nanoguide. The emitters can be displaced within a region
±l (blue shading) around a regular lattice of spacing L (gray
dots). The red envelope indicates an example of a state ex-
tended over many emitters.
has the right mode for the ensemble but couples weakly
to the individual atoms. A nanoguide depicted in Fig. 1
presents a clever and efficient route for coupling a large
number of material particles to a single mode of an op-
tical field [7, 8]. The nanoguide acts as an antenna that
converts the dipolar radiation pattern of an atom and
matches it to the fundamental spatial mode of the di-
electric waveguide. Our findings show that this simple
configuration is very rich in physics, bridging phenom-
ena such as multiple scattering and disorder [9–14] to
strong coupling and Rabi splittings in ensembles [15, 16].
Nanoguides have been used to couple light to single
quantum dots [17–19], atoms [20, 21], color centers [22],
molecules [23, 24] and superconducting qubits [25, 26].
On the theoretical side, the interaction of light and quan-
tum emitters in a nanoguide has been studied for obtain-
ing Bragg cavities [27], coupling two atoms via a pho-
tonic channel [28] or realizing photon-photon interaction
via an atom [27, 29]. In what follows we present our theo-
retical formalism and show how the waveguide-mediated
interactions affect the formation of collective and polari-
tonic modes depending on density, disorder, nanoguide
coupling efficiency and homogenous broadening.
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2II. THE FORMALISM
We investigate the propagation of light through a large
number (N) of point-like two-level emitters (“atoms”)
placed in a dielectric nanoguide (Fig. 1). To facilitate
the discussion, we assign each atom to site n of a regular
lattice with spacing L along the waveguide axis and al-
low for longitudinal disorder by introducting a displace-
ment |ln| for each site, which is smaller than or equal
to a maximal displacement l. All atoms have the same
resonance frequency and radial dipole moment orienta-
tion and are characterized by the semiclassical polariz-
ability α(∆) ≈ 1∆−iΓ/2 , where ∆ = ωA − ωL represents
the detuning between the frequencies of the atomic reso-
nance (ωA) and the driving light field (ωL). The natural
linewidth Γ = 2Im[G(0)] includes the radiation reaction
[30] in the nanoguide through the dyadic Green function
G(z) [31]. The coupling between an atom and the optical
mode of the nanoguide is characterized by the parameter
β = Γng/(Γng + Γout), where Γng and Γout denote the
single-emitter emission rates into the nanoguide mode
and the outside world, respectively.
In the waveguide, a single dipole dn generates a field
Edipn (z) = G(z − zn)dn [31] so that the dipole moment
at each site induced by an external field Eext(z) and by
other sites is given by [9, 10] (cf. Supplemental Material)
dn=αn
[
Eext(zn) +
∑
m 6=n
Edipm (zn)
]
=
∑
m
AmnEextm . (1)
Equation (1) gives the full field distribution in the multi-
ply scattering system. A acts as a collective polarizability
and is obtained by the explicit inversion of the nonher-
mitian matrix A−1mn = δmn/αn −G(zn − zm)(1− δmn).
The real and imaginary parts of the complex eigen-
values (δ − iγ/2) give the shift of the collective reso-
nance from the single emitter one and its linewidth,
respectively. The N -component mode functions Ψ =
(d1, d2, . . . , dN )/
√∑
n |dn|2 describe normalized self-
sustained dipole-moment distributions along the chain.
For each collective (polariton) mode function, the par-
ticipation number p =
∑N
n=1 |Ψn|4 counts the optically
active emitters 1 ≤ p ≤ N and quantifies the extension
of the state [12].
III. COLLECTIVE SPECTRA IN FAR-FIELD
COUPLED CHAINS
A. The ordered case
We first consider ordered chains (l = 0) with large
spacings L > λ so that near-field effects are negligible.
Here, interactions are mediated by the guided mode with
a wavenumber k = 2pi/λ and G(z) ≈ iβIm[G(0)]eik|z|
[28, 32]. For even N and a chain under Bragg or anti-
Bragg conditions (odd or even 2L/λ ∈ N, respectively),
A−1 can be exactly diagonalized by a Fourier ansatz (cf.
Supplemental Material). We find a single superradiant
eigenstate with the linewidth
γ+ = [1 + β(N − 1)]Γ (2)
and a mode function Ψ = (1, 1, . . . )/
√
N (even 2L/λ)
or Ψ = (1,−1, . . . )/√N (odd 2L/λ) that is perfectly
matched to the waveguide mode. Scattering from this
state alone yields efficient (Bragg) reflection and ohmic
transmission T ∝ N−2 as N → ∞ [27], which can be
understood as coherent extinction by a collective su-
perdipole. The remaining N − 1 eigenstates are degener-
ate and subradiant with
γ− = (1− β)Γ . (3)
The corresponding mode functions are periodic but do
not match the guided mode and cannot be excited
through the nanoguide. Since the states provide a com-
plete basis with either minimal or maximal mode match-
ing to the waveguide field, γ− and γ+ describe general
bounds for the decay rates in far-field coupled chains.
At different periodicities, extended Bloch-like states
arise. Figure 2(a) shows the squared amplitude of ex-
emplary extended mode function (p = 142) arising in a
lattice of N = 250 emitters with L = 2.75λ, l = 0, and
β = 0.4. In Fig. 2(b), we identify the complex eigen-
values of the emitters on the real (frequency shift) and
imaginary (linewidth) axes, revealing a band gap around
the single-emitter resonance (δ = 0). We see that sub-
radiant extended modes with decay rates γ− ≤ γ < Γ
gather at the band edges, and all collective modes involve
p ≈ 100 . . . 200 emitters as indicated by the color-coded
participation number assigned to each resonance.
To examine the collective response of the ensemble on
an incoming photon, in Fig. 2(c) we display the transmis-
sion through the nanoguide as a function of frequency.
As intuitively expected, the transmission drops near the
band gap, in fact it drops faster than exponentially in
∆. The dependence of the transmission remains, how-
ever, exponential in terms of the number of emitters (not
shown).
B. The disordered case
The more general case of a dielectric medium concerns
a glassy environment with an intrinsic degree of disorder.
In conventional dielectrics, the scattering cross sections
of the individual microscopic Huygens entities are very
small so that multiple scattering does not play an impor-
tant role. In our case, each atom in the nanoguide has a
substantial influence on an incoming photon so that one
might expect light localization effects [13, 14]. In fact, it
is known that even a small degree of disorder gives rise
to localization in truely one-dimensional systems [12, 33].
By considering finite values of β, we now investigate the
effect of scattering loss on localization.
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Figure 2. In this figure we consider an ordered far-field cou-
pled chain of N = 250 emitters for L = 2.75λ, l = 0, β = 0.4.
a) Exemplary mode function of an extended state. b) The 250
eigenvalues forming the polariton spectrum plotted as a func-
tion of their real (δ; horizontal) and imaginary (γ; vertical)
parts. The color coding of each resonance gives the partic-
ipation number of the respective mode function. The state
marked by the green circle corresponds to the extended mode
function displayed in (a). The decay rates γ± provide upper
and lower limits to the polaritonic linewidths. c) Transmitted
power through the guided mode as a function of the frequency
detuning of the driving field from atomic resonance.
Let us consider a chain of lattice spacing L = 2.75λ and
β = 0.4 as before but set l = λ/2 to provide full phase
randomization and disorder within the frame of guided
far-field coupling. In Fig. 3(a) we present two exemplary
resulting mode functions (orange and purple). The or-
ange curve displays a super-radiant mode that preserves
the extended character of its ordered counterpart dis-
cussed in Fig. 2(a), while the purple curve shows a char-
acteristic exponential envelope that corresponds to local-
ized states. These states are marked in Fig. 3(b), which
plots the complex eigenvalues of the various modes.
The resemblance of the eigenvalue distribution in the
superradiant sector of Fig. 3(b) reveals a clear similarity
between the extended wavefunctions of the ordered and
disordered chains. In contrast, localized states gather
in the subradiant sector where participation numbers
p  N indicate the confinement of the excitation to a
limited region of the chain. We point out that, nev-
ertheless, the decay rates remain confined between the
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Figure 3. In this figure we consider an disordered far-field cou-
pled chain of N = 250 emitters for L = 2.75λ, l = λ/2, β =
0.4. a) Exemplary mode functions of an extended (orange)
and localized state (purple). The black dashed curve repre-
sents an exponential envelope. b) The 250 eigenvalues form-
ing the polariton spectrum plotted as a function of their real
(δ; horizontal) and imaginary (γ; vertical) parts. The color
coding of each resonance gives the participation number of
the respective mode function. The states marked by orange
and purple circles corresponds to the extended and localized
mode functions displayed in (a), respectively. Again, the de-
cay rates γ± provide upper and lower limits to the polari-
tonic linewidths. Here, we see that subradiant localized states
(γ < Γ, p  N) fill the band gap. c) Transmitted power
through the guided mode as a function of the frequency de-
tuning of the driving field from atomic resonance.
two dashed red curves γ± that limit far-field coupled
chains. Subradiant states move into and eventually close
the band gap as l increases, but they do not significantly
increase the transmission in the band gap region [see
Fig. 3(c)] because their exponential mode shape provides
poor mode-matching to the waveguide mode and favors
scattering out of the mode.
Subradiance, reduced participation number, and expo-
nential mode function envelopes indicate the persistence
of longitudinally localized polaritons despite limited β.
However, the dependence of γ− on the coupling efficiency
in Eq. (3) shows that transverse loss to the 3D continuum
limits the polariton lifetime independently of the number
of scatterers. As a direct consequence, the Thouless cri-
terion of Anderson localization [34], which requires ever
4Figure 4. Here, we consider a disordered near-field coupled
chain of atoms with L = λ/2pi, l = 0.49L,N = 250, β = 0.4
a) Exemplary mode function of a two-body resonance. b)
The 250 eigenvalues forming the polariton spectrum plotted
as a function of their real (δ; horizontal) and imaginary (γ;
vertical) parts. The color coding of each resonance gives the
participation number of the respective mode function. The
state marked by the purple circle corresponds to the state
shown in (a). The green curve displays the expected results
for the eigenvalues of a pair states (p = 2) on a minimal
chain of N = 2 emitters. c) Strongly asymmetric transmission
spectrum for the near-field coupled disordered chain (black
curve). The red curve includes additional nonradiative losses
Γhom = 0.25Γ which smoothens the narrow lines.
stronger line-narrowing with increasing particle number
remains indecisive unless β → 1. This differs fundamen-
tally from 3D arrangements of emitters [35, 36].
IV. NEAR-FIELD COUPLING AND SPECTRAL
SELECTIVITY
At high densities (L  λ) and/or strong disorder
(L− l λ) neighboring atoms are coupled by a near-
field potential G(z) ∝ −1/z3 [36–38]. Here, the linear
arrangement of emitters in the nanoguide results in next-
neighbor interactions that dominate over the coupling to
any other emitter, leading to the fractionalization of the
nanoguide to chainlets of neighboring pairs even at mod-
erate disorder. Figure 4(a) displays the pair character of
the eigenstates in an exemplary mode function for a chain
of N = 250, L = λ/2pi, and l = 0.49L. In this regime,
the previously obtained general limit γ− ≤ γ ≤ γ+ no
longer applies, and the polariton spectrum shows a sig-
nificant number of strongly subradiant states with decay
rates several orders of magnitude below γ− [see Fig. 4(b)].
These sharp resonances generate distinct features in the
transmission spectrum shown in Fig. 4(c).
The subradiant two-body states do not overlap
spectrally, and their odd wavefunctions [Ψ− ≈
(0, . . . , 0, 1,−1, 0, . . . , 0)/√2] are hardly driven by the
waveguide mode, which varies slowly across the pair.
As a result, we obtain a high transmission at −∆ < 0.
In contrast, the superradiant resonances spectrally over-
lap and provide strong scattering and losses from the
waveguide at −∆ > 0 (cf. Supplemental Material for de-
tails). This induces the steep change of more than 4 or-
ders of magnitude in the transmittivity over few atomic
linewidths. The coincidence between the transmission
dips and polariton resonances at −∆ = δ is underlined
by the vertical projections in Fig. 4(b, c).
The dominant purple hues in Fig. 4(b) show that al-
most all polariton modes, including the most subradiant
ones near δ ≈ 0, are strongly confined to p < 20 emitters.
In fact, it turns out that the participation number dis-
tribution is strongly peaked at p = 2. This comes along
with a strongly asymmetric shape of the spectrum in the
complex plane, where a significant fraction of the states
gather near the green curve , which is obtained for a chain
of N = 2 emitters found at different spatial separations,
leading to one super- and one subradiant state [36, 37].
While in the guided far field, G(z) could acquire any
complex phase, providing both super- and subradiant
states at positive or negative values of δ, the phase is fixed
in near-field coupling. As a result, γ and δ become cor-
related and the polaritonic states gather in red-detuned
subradiant and blue-detuned superradiant sectors in the
complex plane. To illustrate this situation for solid-state
systems, in Fig. 4(c) we consider moderate dephasing by
replacing Γ→ Γ0 + Γdeph in the denominator of the po-
larizability, where now Γ0 is the natural linewidth. Γdeph
provides a lower limit to the collective linewidths and, as
displayed by the red curve in Fig. 4(c), the sharp features
of the system are smoothed out.
V. RESONANCE-FREE POLARITONIC
STRONG COUPLING
Above we have studied the basic influence of order,
disorder and near-field coupling between the atomic con-
situents of a dielectric nanoguide on its optical response.
We now show that for large enough densities, the col-
lective coherent interaction of the atoms with the single
guided mode of the waveguide leads the hybrizidation be-
tween the atomic ensemble and the nanoguide mode, an
effect that is usually known in coupled oscillators.
Rabi splitting in the solid state was realized soon af-
ter the first gas-phase studies of strong coupling between
an atom and a high-Q cavity [39]. To achieve this, scien-
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Figure 5. Collective strong coupling for distant emitters. a)
Absorbtion by an ordered chain of L = 2.75λ in a near-ideal
waveguide β = 0.99 for N = 1, 2, 5, 10 (purple to red) emit-
ters. The signal is normalized to the absorption by N uncou-
pled resonant emitters. The red curve shows narrow peaks
near ∆ ≈ 0 for subradiant modes. b) Same as in (a) but for
chains of N = 10, 20, 50, 100 (purple to red) emitters in the
case of a homogeneous broadening with Γdeph = 10Γ0.
tists investigated the reflectivity and transmission of light
from quantum wells embedded in microcavities at cryo-
genic temperatures [40]. This pioneering work has trig-
gered similar activities on ensembles of organic molecules
coupled to low-Q microcavities at room temperature [41–
43], where a large number of emitters show collective
strong coupling despite substantial homogeneous and in-
homogeneous spectral broadenings. Interestingly, similar
mode splitting has also been reported for an ensemble of
molecules coupled to surface plasmons [44]. The phys-
ical picture describing these experiments has been the
coupling of two pendula with well-defined resonances,
whereby the collection of emitters is modelled with an
effective polarizability [16]. We now show that although
the nanoguide considered in this work only provides a
propagating mode without any resonance, it can never-
theless hybridize with atoms at sufficiently high densities.
In particular, our treatment shows how the collective ef-
fect of emitters emerges from multiple scattering and in-
terference of the light field confined within the nanoguide
mode.
To gain intuition into the underlying physics of polari-
tonic Rabi splitting, we first consider the simplest case
of two individual atoms coupled via a waveguide [45, 46].
Since a single atom with β = 1 can act as a perfect
mirror for a photon entering the nanoguide [5, 47], two
atoms placed at a large distance can form an optical res-
onator. Unlike in a usual Fabry-Pe´rot cavity, the “mir-
rors” are influenced by each other’s presence. The delo-
calized collective states in this case are described by mode
functions Ψ1,2 = (1,±1)/
√
2 and complex resonances
δ1,2 − iγ1,2/2 = 1/α±G(z1 − z2). Thus, the splitting
|δ1 − δ2| ≤ βΓ is maximized at L = (2m+ 1)λ/4,m ∈ N
for the case of far-field coupling.
Figure 5(a) illustrates the frequency-dependent absorp-
tion ∝ ∑m Im[dmEext∗(zm)] (normalized to the case of
uncoupled emitters on resonance) in chains of few atoms
spaced at L = 2.75λ in a waveguide of β = 0.99. The
splitting for two emitters is clearly visible. Increasing
the number of emitters leads to multiple scattering and
formation of many collective modes as discussed in the
previous sections. It is also evident that the splitting be-
tween the absorption maxima grows. To investigate the
effect of coherence and large homogeneous broadenings
encountered in room-temperature solid-state systems, in
Fig. 5(b) we allow for a ten-fold homogeneous broaden-
ing of Γdeph = 10Γ0. We find that spectral splitting still
occurs, but it requires a higher number of emitters to
compensate for a reduced coupling efficiency, which in
turn causes less efficient hybridization among emitters.
Furthermore, we note that the faster spectral variations
are washed out.
Next, we increase the density of emitters in a waveg-
uide of fixed length NL = 7.7λ and finite β = 0.56, host-
ing emitters with additional broadening Γdeph = 10Γ0.
Figure 6(a) displays the absorption of light propagating
through the nanoguide medium as a function of N and
frequency detuning ∆ from a single-emitter resonance.
We see that one can indeed arrive at a large frequency
splitting for higher densities (or equivalently N). The
general shift that accompanies the splitting for larger N
is caused by near-field interactions among neighboring
atoms. This effect can be approximated by −Re[G(L)]
plotted by the white dotted curve. The important result
here is the observation of a spectral splitting in a dense
ensemble of atoms simply because their emission is cou-
pled efficiently enough to a nanoguide to cause hybridiza-
tion between its mode and their collective emitter reso-
nances. To this end, one can also identify the main role
of a microcavity [15, 40] or surface plasmon [16, 48, 49]
in offering an efficient single mode for efficient multiple
scattering of many emitters. In this picture, the spec-
tral or angular resonances of such structures are not of
fundamental importance.
A decisive indicator of collective hybridization with the
guided mode is a repulsive splitting in the dispersion rela-
tion of the system at hand [16]. In Fig. 6(b,c) we plot the
absorption of a nanoguide containing an atomic chain
as a function of the frequency detuning ∆ of the driv-
ing field and its wavenumber (periodicity) q. Driving
of the nanoguide with different wavevectors can be ex-
perimentally achieved in a Kretschmann configuration.
Fig. 6(b) shows that multiple peaks at a given value of
q are still visible in a sample as small as N = 10 while
there is no clear avoided crossing. In longer chains, on the
other hand, the subpeaks are suppressed and the absorp-
tion maximum splits into two branches that approach
the dispersion curve k(∆) of the empty waveguide [see
white solid curve in Fig. 6(c) for N = 200]. Dispersion
of the latter is negligible since ωA/Γ0 ≈ 106. Figs. 6(d,e)
show that all these features persist when a broadening
Γdeph = 10Γ0 is assumed.
Finally, we examine the observed normal mode split-
ting in the context of an effective medium response [16].
When L λ NL, e.g. for the cases of Fig. 6(c,e), we
can apply a mean-field approximation [50] and restrict
the impact of near-field coupling to the above global shift,
to obtain an analytical expression of the wave number in-
6Figure 6. Collective strong coupling in dense chains. a) Ab-
sorbed power as a function of the frequency detuning of the
driving field as a function of an increasing number of emit-
ters. The waveguide is taken to have l = 0 and β = 0.56
filled to a constant length of NL = 7.7λ. The atoms are as-
sumed to be homogeneously broadened with Γhom = 10Γ0.
The white dotted curve plots the expected near-field shift.
b - e) Dispersion relations obtained by evaluating the ab-
sorbed power of life-time limited atoms as a function of the
wavenumber q of the driving field Eext(z) = E0e
iqz and its
frequency detuning. b) We consider a dense ordered chain
of L = 0.04λ,Γdeph = Γ0 for N = 10, where no emitter-
waveguide hybridization is visible. c) N = 200 emitters,
where hybridized excitations approach the dispersion relation
in the background waveguide. d, e) Same as (b, c) but for
Γdeph = 10Γ0. The dashed white curves give the analytic
result of a mean-field approach in each case.
side the filled region (see Supplemental material for de-
tails). To lowest order in the polarizability, the system
response at a wave number q = n˜ω/c fulfills a generalized
Clausius-Mossotti relation
n˜− 1
n˜+ 2
≈ α˜
3ε0
× 1
LAeffneff
. (4)
We note that here Aeff and neff denote the effective mode
cross-section and refractive index of the empty waveguide
mode, and the polarizability α˜ is given in SI-units. The
white dashed curves in Fig. 6(b,c), which plots Re[q(∆)],
reveal a very good agreement between this analytical
phenomenological result and the numerical calculations
when sufficiently large numbers of emitters are consid-
ered.
VI. DISCUSSION
In this work, we have developed a semiclassical theoret-
ical platform for examining the interaction of light with
a collection of atoms in a one-dimensional subwavelength
waveguide, where the atomic emission is efficiently cou-
pled to the waveguide mode. Our approach is based on
the explicit solution of the multiple-scattering problem
in terms of collective response functions, using the exact
dipole emission pattern in a cylindrical nanoguide and a
semiclassical polarizability. This formalism is in excel-
lent agreement with a quantum-optical master equation
for the case of weak driving fields and can be readily
extended to multilevel atoms [51] by using a modified
polarizability.
We based our treatment on a one-dimensional lattice
of atoms that could be randomly displaced by l, up to one
lattice constant L. However, the calculations can also be
extended to l > L/2 to allow for other disorder models
[12] and clusters beyond pairs to consider excluded vol-
umes and possible self-organization [52]. In addition to
spatial disorder, the model could also be extended to in-
clude inhomogeneous spectral distributions as commonly
encountered in solid-state systems.
Although an ideal scenario of a 1D nanoguide strives
for an emitter-waveguide coupling efficiency β → 1,
real experimental systems will have serious difficulties to
reach this limit. We have, thus, chosen to work with
moderate values of β and have shown that while low val-
ues of β degrade the hybridization between the emitters,
significant collective coupling between the emitters and
the waveguide mode remains feasible and can be com-
pensated by adding more emitters. In this sense, β plays
the same role as in the performance of microcavities.
An important message of our work is to emphasize the
need for considering the near-field dipole-dipole coupling
that results from subwavelength inter-atomic spacings.
This situation arises both for very dense regular chains
and for large degrees of disorder as known from glassy
dielectrics. In either case, a strong near-field coupling
generates spectrally selective narrow features in the op-
tical response.
Our nanoscopic model of multiple scattering describes
mutual hybridization while including the effect of deco-
herence and linewidth broadening. We have seen that
each realization of the ensemble may contain many spec-
tral features that arise from near-field interactions or
from disorder and state localization. By averaging over
a large number of such individual configurations, one
can arrive at an effective optical response for the cor-
7responding one-dimensional dielectric medium. In fact,
we demonstrated that a mean-field limit asymptotically
agrees with our explicit solution of the scattering prob-
lem. This provides a link between the present work
and effective medium descriptions of light propagation
through a resonant medium.
VII. CONCLUSION
Experimental activities on one-dimensional waveguide
systems have undergone a rapid growth in the past
few years in a range of materials covering gas-phase
atoms [20, 21], semiconductor quantum dots [17–19],
molecules [24] and even superconducting qubits [25, 26].
Our theoretical results show that these systems can be
exploited to study a wealth of interesting collective phe-
nomena in a compact and scalable fashion. In particular,
this platform provides a very promising avenue for explor-
ing polaritonic physics [15] in a well-controlled environ-
ment. As a concrete example, we have demonstrated that
it should be possible to achieve normal mode splitting in
a nanoguide without involving structures that support
resonances such as a cavity or a plasmonic structure.
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9SUPPLEMENTAL MATERIAL
1. Waveguide Green function
We consider a system of two-level emitters placed
on the axis of a dielectric cylinder with radius R =
160 . . . 215nm and refractive index n = 1.5 surrounded
by vacuum. For simplicity, we only consider radial com-
ponents of the polarizability. The numerical simulations
were performed for two-level emitters with transition at
760nm and a natural linewidth of Γ0 = 400MHz, possibly
modified by dephasing at a rate Γdeph. Imposing modi-
fied atomic units, the transition dipole matrix element is
|µ| = h¯ = 1, and the polarizability in the near-resonant
approximation is α(∆) = 1∆−iΓ/2 , with Γ = Γ0 + Γdeph.
The dyadic Green function in the cylinder is expressed in
the scattering decomposition G(z) = G(free)(z)+G(sc)(z).
Closed forms of this quantity are available [31, 32] and
were used for all calculations of complex eigenvalue spec-
tra. In the single-mode regime, the guided mode contri-
bution with wavenumber k = neffω/c can be extracted
from the resonances of the scattered term G(sc) and yield
the asymptotic far-field [28, 32]
G(z) ≈ iβIm[G(0)] exp(ik|z|). (A.5)
The amplitude was expressed in terms of the local-field
corrected single-emitter linewidth Γ0 = 2Im[G(0)] that
includes the radiation reaction [30]. For the above pa-
rameters, the coupling efficiency of a single emitter to
the guided mode is β = limz→∞ |G(z)|/Im[G(0)] ≈
0.4 . . . 0.56. Different choices of the radius or material,
e.g. IR-emitters inside a semiconductor cylinder (GaAs,
R = 140nm, transition at 1.2µm) may reach β > 0.9 [53].
Note that over the relevant narrow frequency band of a
few hundred Γ0, waveguide dispersion is neglible, as can
be seen by the vertical white curve in Fig. 6(b,c).
2. Bragg resonances
We outline the calculation of the collective modes on
a Bragg resonance kL/pi ∈ N and assume even N . The
latter restriction has, however, little impact at the large
N and finite β < 1 considered here. In the far-field ap-
proximation,
A−1mn ≈
δmn
αn
− iβΓ
2
Im[G(0)]eikL|m−n|(1− δmn) (A.6)
which is a circulant matrix and can be diagonalized by
Fourier transformation. The eigenvalues are
δm − iγm
2
≈ 1
α
− iβΓ
2
−1 + e−i(2pim/N−kL)(N−1)
1− ei(pim/N−kL) .
(A.7)
For even (odd) values of kL/pi a pole is encountered at
m = 0 (m = N/2). L’Hoˆpital’s rule then provides a
single superradiant (bright) state, while the other N − 1
states are degenerate and subradiant (dark):
δm − iγm
2
=
1
α
− iβΓ
2
×
{
−1 dark
N − 1 bright . (A.8)
This agrees with a recent discussion that assumed β = 1
[54]. The mode functions are (1 ≤ j ≤ N) ψm,j ≈
e−2piim(j−1)/N/
√
N. Only the single bright mode Ψ+ =
(1,±1, 1,±1, . . . )/√N matches the periodicity of the
guided mode [Eext(zn) = E0e
ikzn = E0Ψ+,n], whereas
the other modes have zero mode overlap. To find the
scattering matrix element, we neglect the dark modes
and approximate
A−1 ≈ ∆− iΓ
2
[1 + β(N − 1)]Ψ+ ⊗ΨT+. (A.9)
In the collective basis, the inversion is immediate. Far
from the source region Eq. (A.5) applies and
Etot(z) = Eext(z)+
∑
n,m
G(z−zn)AnmEext(zm) (A.10)
= E0e
ikz+
∑
n
iβ Γ2 e
ik|z−zn|
∆− i[1 + β(N − 1)]Γ/2 . (A.11)
In the forward direction (z  zN > 0, zn = 2pikL), we
recover the transmitted power fraction [27]
T = |E
tot|2
|E0|2 =
∣∣∣∣1 + iNβΓ/2∆− i[1 + β(N − 1)]Γ/2
∣∣∣∣2 . (A.12)
At the single-body resonance ∆ = 0 we find T = |1−r|2 ,
R = |r|2, L = 1 − R − T , r = Nβ/[Nβ + (1− β)] .
We solve Eq. (A.10) numerically away from the Bragg
resonance condition.
As long as Eq. (A.6) applies, a universal limit
to the polariton spectrum follows from the matrix
norm (operator norm) ||A−1|| = max{| − iγ/2|}) ≡
maxn
{∑N
m=1 |A−1nm|
}
. The off-diagonal entries have an
amplitude β, so that the norm suggests an extreme
eigenvalue ||A−1(∆ = 0)|| = [(N − 1)β + 1]Γ/2 = γ+/2,
exactly realized by the bright state at a Bragg resonance
and confirming its universal character.
3. Two-body resonances
The dark and bright resonances of two-coupled emit-
ters are obtained by direct diagonalization of the matrix
A−1 for N = 2, yielding
δ
(2)
± − iγ(2)± /2 = ∆− [iΓ/2±G(∆z, ω)] . (A.13)
Varying the emitter distance 0 < ∆z < ∞, these eigen-
values cover the green curve in the complex plane in
Fig. 4c. Similar states have been encountered in 3D en-
sembles [36, 37] but have more drastic impacts on linear
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arrangements. When two-body states dominate, A−1 ap-
proximately factorizes into a product of 2 × 2-matrices,
which may be diagonalized individually so that each pair-
submatrix gives rise to one pair of dark and bright states.
The eigenvectors are Ψ
(2)
± = (±1, 1)/
√
2. At near-field
coupling, the waveguide mode Eext(zn) ≈ E0 can only
drive the symmetric eigenstate Ψ+, inducing dipoles
dn =
2∑
m=1
AnmEm = 2E0
∆− iΓ/2−G(∆z) . (A.14)
We find the pair-transmission amplitude
T2 =
∣∣∣∣1 + 2iβΓ/2∆− iΓ/2−G(∆z)
∣∣∣∣2 = |1− r|2. (A.15)
On the bright resonance (∆ − Re[G(∆z)] ≈ 0) and in
near-field coupling regime (Im[G(∆z)] ≈ Γ/2), T2 =
(1 − β)2 becomes identical to the one of a single reso-
nant emitter. Besides, the form of the two-body poten-
tial induces a correlation between line shift and linewidth:
bright states are blue-shifted (−∆ = δ > 0) with respect
to the single resonance, and only these can provide sig-
nificant extinction. From Eq. (A.15) it is clear that the
scattering is reduced and r → 0 for red-shifted detuning
(−∆ < 0).
4. Mean-field approximation
In long dense chains (kL 1 NkL), we can rewrite
Eq. (1) of the main text for the fields, assuming a homo-
geneous dipole line density ρ(z) = N/Z over the system
length Z = NL
E(z) = E0(z) +
∫ Z
0
dz′αρ(z′)G(z − z′)E(z′) (A.16)
following the approach of Ref. [50]. Since most of the
emitters are coupled via the far field, we neglect near
fields and use Eq. (A.5). The good agreement with
the numerical results justifies a posteriori the assump-
tion that closeby emitters mainly induce a global fre-
quency shift. Replacing the total field by a mean-field
Etot(z) = E+e
iqz + E−e−iqz, the integrals can be per-
formed, considering the discontinuity of G at z = z′
E+e
iqz + E−e−iqz = E0eikz +
Nβ
Z
αIm[G(0)]
[
− eiqz
(
E+
k − q +
E+
q + k
)
− e−iqz
(
E−
k − q +
E−
k + q
)
(A.17)
+ e−ikz
(
E+e
i(k+q)Z
k + q
+
E−ei(k−q)Z
k − q
)
+ eikz
(
E−
k + q
+
E+
k − q
)]
For self-consistency, the coefficients for each exponential
must balance. Importantly, for e±iqz we have
1 +
Nβ
Z
αIm[G(0)]
(
1
k − q +
1
k + q
)
= 0 , (A.18)
from which we obtain the effective wavenumber in the
filled waveguide
q2 = k2 + 2k
Nβ
Z
αIm[G(0)]. (A.19)
We define a “dressed” effective mode index n˜ = qc/ω =
neffq/k that fulfills a generalized Clausius-Mossotti rela-
tion [50] when expanded at lowest order in α
n˜− 1
n˜+ 2
≈ 2α
3k
N
Z
βIm[G(0)] . (A.20)
To obtain the form given in Eq. (4) in the main arti-
cle, we use βIm[G(0)] = Γ0/ΓbulkIm[Gbulk(0)] ≈ ω/c2ε0Aeff
with the effective area Aeff =
vgn
2
c
∫
d2rε(r)|Emode(r)|2
ε(0)|Emode(0)|2 , the
transverse field distribution of the mode Emode(r), and
its group velocity vg [55]. This underlines that the den-
sity needs to be averaged over the mode volume rather
than the geometric fiber core. Note that at this order,
terms related to a local exclusion volume [50] can be ne-
glected.
